C ardiovascular disease (CVD) morbidity and mortality are lower in women of reproductive age compared with men despite similar age-adjusted risk profiles. However, after menopause, the incidence of CVD rapidly rises in women to equate the rates in men. 1 Multiple observational cohort studies have suggested that estradiol lends a protective effect on the vasculature, reducing endothelial dysfunction and atherosclerosis. However, clinical trials using hormone replacement therapy (HRT) in menopausal women have failed to show any benefit in improving cardiovascular outcomes. [2] [3] [4] [5] To date, the reasons for these sex differences have been attributed to estrogens, but other mechanisms may also be responsible. 6 Progenitor cells (PCs) play an important role in vascular repair and regeneration. [7] [8] [9] Circulating PCs are primarily derived from the bone marrow mononuclear cell population and have differentiation potential for multiple cell lineages including hematopoietic and endothelial cells. They also directly participate in vascular repair through angiogenic and paracrine activity. 7, 8, 10, 11 Of particular interest are bone marrow-derived mononuclear cells that express a cluster of differentiation 34 (CD34) epitope. These PCs exhibit strong differentiation potential for hematopoietic and endothelial lineages, as well as nonhematopoietic, mesenchymal lineages, which do not express the CD45 epitope. 7, [10] [11] [12] [13] Coexpression of CD34 with CD133, a 5-transmembrane antigen of primitive stem cells lost during maturation, identifies a PC-enriched population (CD34 + /CD133 + ) with greater proliferative activity. 14, 15 Vascular endothelial growth factor receptor 2 (VEGF2R) coexpression with CD34 is a rare subpopulation of PCs (CD34 + /VEGF2R + ), which has greater potential for endothelial differentiation. [16] [17] [18] Lastly, chemokine (C-X-C motif) receptor 4 (CXCR4) coexpression with CD34
characterizes PCs (CD34 + /CXCR4 + ) with greater capacity for tissue repair via homing of PCs to stromal-derived factorenriched hypoxic environments. 19 Despite robust data indicating that lower circulating PC counts and impaired PC activity are associated with CVD and adverse events, [20] [21] [22] [23] the few studies that have examined sex differences in PCs have reported conflicting findings.
24-28
Experimental studies have demonstrated that estrogens stimulate endothelial PC activity. 29 We sought to characterize the sex differences in both circulating endothelial and hematopoietic PCs. We hypothesized that women would have higher numbers of all PCs compared with men, primarily attributable to the effect of estradiol, and that menopause would be associated with a reduction in PCs in women.
Material and Methods

Study Design and Patients
We recruited 467 women and 202 age-matched men without a known history of CVD from the CHDWB (Emory-Georgia Tech Center for Health Discovery and Well-Being) cohort study in Atlanta, GA. Full details of this cohort have been previously published. 29, 30 Briefly, participants were a random convenience sample of employees of Emory University and the Georgia Institute of Technology identified through the human resources department at each institution. Individuals eligible for study enrollment must have been employed for at least 2 years and covered by a university-sponsored health insurance plan. Approximately 10 000 employees were eligible based on these criteria, and every 10th employee was invited to participate. Approximately 30% of invited employees were screened, with %10% ultimately enrolled in the cohort. Individuals with hospitalization in the preceding year, poorly controlled or acute medical conditions, or active pregnancy were excluded. All patients were provided with and gave written informed consent at the time of enrollment, and the study was approved by the Emory University institutional review board. 30, 31 Demographic characteristics, medical and reproductive history, medication use, and behavioral habits were documented. Blood samples for cardiovascular risk factors, circulating PCs, and sex hormones were collected. Anthropometric data such as blood pressure (BP) and weight were measured.
To confirm our findings, we analyzed participants enrolled in the Emory Cardiovascular Biobank. 22, 32 Briefly, patients undergoing cardiac catheterization for the evaluation of known or suspected coronary artery disease (CAD) were prospectively enrolled at 3 sites within the Emory Healthcare network in Atlanta, GA, between 2003 and 2009. Exclusion criteria for participation in the study included age younger than 20 years or older than 90 years, congenital heart disease, severe anemia or recent transfusion of blood products, active infection (including myocarditis), heart transplant, or other conditions requiring immunosuppressive agents (including cancer). Demographics, medical and personal history, medication use, and behavioral characteristics were collected from questionnaires and supported by medical record review and physician evaluation. All participants were provided with and gave written informed consent at the time of enrollment, and the study was approved by the Emory University institutional review board. Patients with full PC characterization were included in the study.
PC Assays
Cell populations enriched for circulating PCs were enumerated using flow cytometry as CD45 med cells coexpressing What Are the Clinical Implications?
• There is an age-related decline in circulating progenitor cells, and low levels have been associated with adverse outcomes, suggesting that progenitor cell counts represent endogenous regenerative capacity. Lower circulating levels of progenitor cells in women, compared with men, implies potential sex-based differences in regenerative capacity.
Coulter). 33, 34 PC populations are reported as cell counts per milliliter ( Figure 1 
Sex Hormones and Menopause Definition
The men and women had sex hormone levels assessed from random fasting blood samples. Menopause and use of HRT were defined by patient response to a reproductive health questionnaire, age, and estradiol level.
Of the 467 women in the cohort, 15 did not have complete data to determine menopause status. An additional 12 women reported HRT use while concomitantly reporting premenopausal status, age younger than 50 years, estradiol >30 pg/mL, and no history of complete or partial hysterectomy; these patients were excluded.
Statistical Analysis
Patient characteristics were reported as means and SDs for normal continuous variables, medians and interquartile ranges for non-normal continuous variables, and counts and proportions for categorical variables. Variables were visually assessed for normality by distribution plots and Q-Q plots, as well as quantitatively using the Komogorov-Smirnov D statistic. The overall cohort was divided by sex, and further by menopause status and HRT use, and differences between groups were assessed using t tests for normal continuous variables, We investigated the association between PCs and sex hormones using Pearson correlation coefficients. To test the association between sex and PCs, we used multivariable generalized linear models and binary logistic regression models to adjust for the following covariates: age, sex, race, body mass index, smoking history, hypertension, diabetes mellitus, and hyperlipidemia. A 2-tailed P≤0.05 was considered statistically significant. All analyses were performed using SAS version 9.4 (SAS Institute Inc).
Results
Characteristics of the Healthy Cohort
Demographic and clinical characteristics of the total cohort and of the cohort dichotomized by sex (men versus women) are shown in Table 1 . Women were more likely to be black and less likely to smoke cigarettes or have dyslipidemia. They additionally had lower BP, triglyceride and fasting glucose levels, and higher total and high-density lipoprotein cholesterol compared with men ( Table 1) . The cohort was further divided into subgroups for premenopausal and menopausal women, with or without the use of HRT, and age-matched men (Table 2) . Similar differences between each menopause subgroup of women and their age-matched male cohorts were present-men were generally less likely to be black and more likely to have dyslipidemia. They were also more likely to have higher BPs, primarily diastolic BP, higher total and low-density lipoprotein cholesterol, lower high-density lipoprotein cholesterol, and higher triglycerides ( Table 2) .
Regardless of HRT use, menopausal women were older than premenopausal women and had greater levels of agerelated risk factors, including BP, cholesterol, and glucose. Menopausal women taking HRT had lower estradiol levels than premenopausal women, and menopausal women not taking HRT had lower estradiol levels than either premenopausal women or menopausal women taking HRT (Table 2) . were not different between men and women (Table 1, Figure 2 ). This remained true for subgroups of women based on menopause status and age-matched men (Table 2) . On multivariable analysis adjusting for age, race, smoking history, body mass index, hypertension, diabetes mellitus, dyslipidemia, and mononuclear cell count, female sex remained an independent determinant of PC counts and was associated with 23% fewer CD34 + cells (P<0.001), 20% The age-related decline in circulating PCs is shown in Figure 3 . The interaction between age and sex was tested, given previously described associations between PC counts and age 33 ; however, age did not affect the association between sex and PC counts (Figure 3) . Furthermore, tests for interaction between menopause status and PC counts were negative and did not affect the association between sex and PC counts. (Table 3 ). Among men, there were no significant correlations between testosterone levels and either hematopoietic or endothelial PCs (Table 3) . On multivariable analysis, estradiol was not an independent determinant of either hematopoietic or endothelial PC counts in women.
Relationship Between PCs and Sex
Relationship Between PCs and Sex Hormones
Relationship Between Menopause Status in Women and PCs
There were no differences in PC counts between premenopausal and menopausal women with or without HRT use (Table 4) . Further comparisons between premenopausal and menopausal women with age-matched men showed that men had higher hematopoietic PC counts regardless of female menopause status or HRT use ( Table 2) .
Replication of Findings in a Cohort With CAD
Characteristics of the 1728 patients from the Emory Cardiovascular Biobank are shown in Table 5 . Women were less likely to be black and more likely to smoke cigarettes. In addition, women had lower body mass index and higher prevalence of CAD ( were also significantly lower in women compared with men (Table 5 ). Pearson correlation coefficients between progenitor cells and sex hormones. All variables are log-transformed (base 10) for the purposes of correlation analysis. *P<0.05.
Discussion
In the largest study to date of healthy individuals free of known CVD investigating the influence of sex on circulating PCs, we demonstrate that compared with men, women have lower circulating PC subsets enriched for hematopoietic progenitors. Female sex was associated with 20% to 24% fewer PCs after adjusting for common cardiovascular risk factors. Although estradiol was associated with hematopoietic PC counts, there were no differences in PCs between premenopausal and menopausal women, and age-matched men for each cohort had significantly higher PC counts than either subset of women. Lastly, these findings were replicated in a separate cohort of older individuals with prevalent CVD, and women had 12% to 19% fewer hematopoietic PCs compared with men. Thus, in two cohorts exceeding 2300 patients with and without CVD, circulating PCs enriched for hematopoietic progenitors were lower in women than in men. The impact of sex on CVD, and particularly the lower prevalence of CVD in younger women, has focused largely on the role estrogens. More recent, the impact of estrogens on endothelial PC number and function has emerged as a possible mechanism for this finding. 39, 40 Experimental models showed a clear association between levels of estrogen and the number and function of endothelial PCs. 41, 42 Estrogens appear to upregulate expression of estrogen receptors, specifically estrogen receptor a, resulting in greater PC homing. 43, 44 Clinical studies have shown that prolonged estrogen exposure leads to increased estrogen receptor expression in both cultured and circulating human endothelial PCs. These studies were small, used different assays to study PCs, and largely concentrated on endothelial PC populations.
Our study is larger, shows clear and reproducible differences (particularly in hematopoietic PCs, a population that reflects regenerative capacity), and is predictive of long-term outcomes. 22 We also found that these differences persisted throughout the lifespan, even as the PC counts declined with aging in both sexes. 33 Thus, the hypothesis that women have lower CVD burden because of higher PC levels requires reevaluation. An alternative explanation involves the role that estrogen plays in preventing PC senescence through a variety of mechanisms, including its activating effect on telomerase expression and activity. 50 We have recently reported that leukocyte telomere length is associated with decreased PC counts and that both decreased PC counts and shorter leukocyte telomere length are independently associated with worse cardiovascular outcomes. 51 As women transition through menopause and estrogen exposure decreases, the deleterious effects of PC senescence, reduced telomere length, and lower absolute PC levels compared with men may explain the accelerated rate of cardiovascular outcomes in women for this advanced age group.
Study Strengths and Limitations
Strengths of our study include evaluation of PCs in two separate cohorts with and without prevalent CAD, leading to its large size. We also have uniform enumeration of PCs by the same laboratory with comprehensive investigation of both hematopoietic and endothelial-enriched CD34 + subpopulations. Lastly, we were able to incorporate male and female sex hormones to assess their associations with PCs in our cohort without prevalent CAD. Limitations include its cross-sectional design, which prevents determination of casual links between sex, sex hormones, and PCs. Differences in risk factor profiles between men and women cannot be excluded as contributing to the observed differences in PCs, despite statistical adjustment through multivariable modeling. The questionnaire used to determine reproductive and menopause history did not ask for specific HRT formulations or duration of use, further limiting causal inference. In addition, both testosterone and estrogen have diurnal variation, and estrogen varies throughout the menstrual cycle 52 ; hormone samples
were not drawn explicitly to address these variations.
Conclusions
We and others have shown that PC counts decrease with aging, exposure to CVD risk factors, or prevalent CVD, and low levels of PCs are associated with increased risk of CVD events. 22 Because women have lower PC counts compared with men, they are likely to reach a critically low level with aging that is associated with increased risk of adverse CVD outcomes. This may explain why the risk of CVD rapidly rises in women with aging and menopausal status, and further studies examining the impact of estrogen on regenerative capacity at the time of menopause are warranted. 
